Signal transducer and activator of transcription 3 (STAT3) mediates cellular responses to multiple cytokines, governs gene expression, and regulates the development and activation of immune cells. STAT3 also modulates reactivation of latent herpes simplex virus-1 (HSV-1) in ganglia. However, it is unclear how STAT3 regulates the innate immune response during the early phase of HSV-1 lytic infection. Many cell types critical for the innate immunity are derived from the myeloid lineage. Therefore, in this study, we used myeloid-specific Stat3 knockout mice to investigate the role of STAT3 in the innate immune response against HSV-1. Our results demonstrate that Stat3 knockout bone marrow-derived macrophages (BMMs) expressed decreased levels of interferon-a (IFN-a) and interferon-stimulated genes (ISGs) upon HSV-1 infection. In vivo, knockout mice were more susceptible to HSV-1, as marked by higher viral loads and more significant weight loss. Splenic expression of IFN-a and ISGs was reduced in the absence of STAT3, indicating that STAT3 is required for optimal type I interferon response to HSV-1. Expression of TNF-a and IL-12, cytokines that have been shown to limit HSV-1 replication and pathogenesis, was also significantly lower in knockout mice. Interestingly, Stat3 knockout mice failed to expand the CD8 + conventional DC (cDC) population upon HSV-1 infection, and this was accompanied by impaired NK and CD8 T cell activation. Collectively, our data demonstrate that myeloid-specific Stat3 deletion causes defects in multiple aspects of the immune system and that STAT3 has a protective role at the early stage of systemic HSV-1 infection.
Introduction
HSV-1 is estimated to infect more than two thirds of the population worldwide. Common symptoms of HSV-1 infection, including local skin or mucosa membrane lesions, usually resolve within a few days to several weeks [1] . Localized HSV-1 infections are also often accompanied by viremia [2, 3] . Following lytic infection, the virus retreats to neurons where it establishes latency. Latency is lifelong and may be asymptomatic with occasional relapses [1] . HSV-1 infection seldom causes severe disease in healthy individuals. However, newborns, the elderly, and immunocompromised individuals are prone to HSV-1-induced diseases, such as herpes simplex keratitis and life-threatening herpes simplex encephalitis [1] . These susceptible populations also are more likely to exhibit HSV-1 viremia in the blood [2] , and it is now becoming more apparent that primary HSV-1 infection and reactivation can occur beyond the mucocutaneous areas in both immunocompetent and immunocompromised individuals [2] . It is, therefore, important to understand the mechanism by which the immune system controls HSV-1 infection.
Both innate and adaptive immunity are critical in controlling HSV-1 infection. Several major cellular mediators of the innate immunity implicated in limiting HSV-1 pathogenesis are of the myeloid lineage, including macrophages, DCs, and neutrophils. Macrophages are intrinsically resistant to productive HSV-1 infection [4, 5] . Depletion of macrophages in mice leads to higher viral replication and exaggerated pathology [6, 7] , whereas adoptive transfer of adult macrophages protects susceptible neonates from lethal HSV-1 infection [8] . Macrophages also limit the replication and dissemination of HSV-1 in the peripheral nervous system [9] . The protective effects of macrophages are partially mediated through secreted factors, including IL-12, TNF-a, and nitric oxide. These factors inhibit viral replication, recruit leukocytes to the site of infection, promote the cellular immune response, and further activate macrophages to protect mice from HSV-1 and other herpesvirus infections [9] [10] [11] [12] [13] . Specialized macrophages, such as MZMFs and MMMFs, produce substantial amounts of type I IFNs to elicit antiviral response during HSV-1 viremia [14] . In addition to macrophages, DCs have a pivotal role in immunity against herpesvirus infections. Mice depleted of DCs have shortened survival and higher viral loads in their nervous systems during HSV-1 infection, and the susceptibility is attributed to impaired NK and T cell activation in the absence of DCs [15] . Major subsets of DCs include CD11b + cDCs, CD8 + cDCs, and pDCs. Both CD8 + cDCs and pDCs are involved in promoting NK cell activation and anti-HSV CTL immunity [16] [17] [18] , but only CD8 + cDC is able to cross-present and directly activate CD8 T cells [19, 20] . Importantly, pDCs are capable of producing large quantities of type I IFNs during HSV-1 infection [17] . Finally, neutrophils have a dual role in HSV-1 infection. It has been suggested that neutrophils inhibit HSV-1 replication [21] , but further examination revealed that neutrophils mediate HSV-1-induced tissue injury and immunopathology [22, 23] .
Signal transducer and activator of transcription 3 (STAT3) is a transcription factor that mediates the cellular responses to multiple cytokines by promoting the expression of genes implicated in survival, inflammation, proliferation, and migration [24] . STAT3 modulates HSV-1 reactivation in the ganglia [25] and governs various aspects of myeloid cell proliferation, differentiation, and responses to infections [26] [27] [28] [29] . For example, STAT3-null macrophages display heightened immune responses in response to LPS and bacterial infections, as marked by the overproduction of proinflammatory cytokines [26, 30] . Additionally, STAT3-null neutrophils are defective in their bactericidal capacity [30] . Nonetheless, the role of STAT3 in the myeloid lineage during viral infections has not been fully investigated.
Given the critical role of macrophages and DCs in limiting HSV-1 pathogenesis at the early phase of infection, we investigated whether STAT3 in the myeloid lineage modulates the innate immune response to HSV-1. Here, we show that the type I IFN response is partially defective in STAT3-null BMMs during HSV-1 infection. In vivo, myeloid Stat3 KO mice exhibited greater viral loads and more significant weight loss during HSV-1 infection compared with WT mice. Importantly, KO mice have decreased splenic expression of IFN-a and ISGs, as well as decreased expression of IL-12 and TNF-a, cytokines known to be protective against HSV-1 infection. Finally, Stat3 KO mice failed to expand CD8 + cDCs during HSV-1 infection, and activation of NK and CD8 T cells was also impaired. In summary, our results indicate that STAT3 in the myeloid lineage contributes to the resistance to HSV-1 infection at the early stage by modulating multiple aspects of innate immunity.
MATERIALS AND METHODS

Animals
This study was performed under protocols approved by Institutional Animal Care and Use Committee guidelines of the UNC (Chapel Hill, NC, USA).
Mice were kept and bred in sterile facilities under conditions in accordance with the U.S. National Institutes of Health (Bethesda, MD, USA) Guide for the Care and Use of Laboratory Animals and UNC Institutional Animal Care and Use Committee guidelines. STAT3
fl/fl and LysM-Cre C57BL/6 mice were obtained from the Jackson laboratory (Bar Harbor, ME, USA). Mice were bred to each other to generate myeloid-specific STAT3 KO mice. Eight to 12-wk-old animals were used for HSV-1 infection studies. For infections, mice were i.v. injected via the tail vein with HSV-1 (KOS strain) and monitored 1 to 3 times daily after injection. To collect tissues for molecular studies, mice were euthanized by CO 2 followed by cervical dislocation. For survival studies, mice that lost more than 20% of their original weight were immediately euthanized, whereas all other mice were euthanized at the end of the study.
Virus, cells, and plaque assay
Vero cells (ATCC, Manassas, VA, USA) were propagated in DMEM with 10% FBS. HSV-1 (KOS strain) was amplified on Vero cells. At 3 dpi, supernatants were harvested and centrifuged at 2500 rpm to remove cell debris. The supernatants were then ultracentrifuged at 25,000 rpm to concentrate the virus. Virus pellets were resuspended in plain DMEM.
To isolate BMMs, bone marrow was collected from the femur and tibia of age-and sex-matched 8-10-wk-old mice. The cells were cultured in RPMI 1640 with 10% FBS and 10% L929-conditioned media. After 5-6 d of culture, the adherent cells contained about 95% F4/80 + macrophages as determined by flow cytometry. BMMs were infected with HSV-1 at an MOI of 3, incubated at 37°C for 30 min, washed with DMEM twice, and cultured in DMEM with 2% FBS. Infectious viral titer was determined by plaque assay using Vero cells. Supernatants from infected macrophages were serial-diluted in DMEM 1640 before infecting confluent Vero cells for 1 h at 37°C; after which, the supernatants were replaced with DMEM with 1% methylcellulose and 2% serum. Three technical replicates were prepared for each dilution. Infected Vero cells were kept at 37°C with 5% CO 2 for 72 h before staining with 0.5% crystal violet in 50% ethanol to reveal the plaques. Titers were determined as PFUs per milliliter.
Quantitative real-time PCR
Total RNA from the cultured macrophages or mouse tissues were purified with Qiagen (Germantown, MD, USA) RNeasy Plus kit, according to manufacturer's protocol. RNA (1-2 mg) was used to synthesize cDNA using M-MLV reverse transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). For gene expression assay, standard TaqMan probes, primers, and reagents were used (Thermo Fisher Scientific). To determine the relative genomic copy number of HSV-1 in mouse tissues, real-time PCR was performed using Maxima SYBR green master mix (Thermo Fisher Scientific) with the following primers: Actb forward: 59-GGCTGTATTCCCCTCCATCG-39; Actb reverse: 59-CCAGTTGGTAACAATGCCATGT-39; HSV-1 pol forward: 59-CATCACCGACCCGGAGAGGGAC-39; HSV-1 pol reverse: 59-GGGCCAGGCGCTTGTTGGTGTA-39.
Immunoblotting
Cells or tissues were lysed in radioimmunoprecipitation assay buffer (10 mM Tris, pH 8.0; 1 mM EDTA; 1 mM EGTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; 140 mM NaCl) with a protease inhibitor cocktail (Promega, Madison, WI, USA) and a phosphatase inhibitor cocktail (SigmaAldrich, St. Louis, MO, USA). Lysates were centrifuged to remove cell debris, and the supernatant were mixed with lithium dodecyl sulfate loading buffer (Thermo Fisher Scientific) containing 100 mM DTT and then, heated before running SDS-PAGE with bis-Tris NuPAGE gel and MOPS buffer (Thermo Fisher Scientific). Proteins were transferred onto 0.45-mm polyvinylidene difluoride membrane, blocked with 5% milk in TBST, and incubated in primary Abs at a dilution of 1:500-1:2000 in 5% milk in TBST overnight. Blots were then washed and incubated in the appropriate HRP-conjugated secondary Abs (Promega 
Flow cytometry
Mice were euthanized to collect the spleens and bone marrow. Spleens were mashed using syringe plungers and 100-mm cell strainers. The cells were resuspended in FACS buffer (3% FBS, 1 mM EDTA in PBS) and passed through 40-mm cell strainer, and red blood cells were lysed with ACK buffer (150 mM NH 4 Cl, 10 mM KHCO 3 , 0.1 mM EDTA). The white blood cell suspensions were blocked with an anti-mouse CD16/CD32 Ab (14-0161-86; Thermo Fisher Scientific) at 1:100 dilution for 30 min before being stained with the appropriate primary and secondary Abs for 1 h each at 1:100 dilution in FACS buffer. CD8-FITC (11-0081-81), CD4-PE (12-0042-81), CD19-PE-Cy7 
Immunohistochemistry
Mouse tissues were fixed in 10% buffered formalin for 24 h, washed with PBS 3 times, and incubated in 30%, 50%, and 70% ethanol for 30 min each. Fixed tissues were embedded in paraffin and sectioned into slices. Immunohistochemistry was performed with a Bond Immunostainer (Leica Biosystems, Wetzlar, Germany). Slides were dewaxed in Bond dewax solution (AR9222) and hydrated in Bond wash solution (AR9590). Ag retrieval was performed for 30 min at 100°C with Bond-Epitope Retrieval solution1 pH-6.0 (AR9961), followed by a 10-min protein block (X0909; Dako, Carpinteria, CA, USA). Rodent block M reagent (RB961G; Biocare Medical, Concord, CA, USA) was applied for 20 min only to STAT3 slides. After pretreatment, slides were incubated for 30 min with CD45 and Ly-6G (25386, 25337; Abcam, Cambridge, MA, USA) Abs at 1:100 and 1:200 dilution, respectively, for 1 h with the STAT3 (9139; Cell Signaling) Ab at 1:750 dilution. Detection of all Abs was performed with Bond Polymer Refine Detection (DS9900; Leica Biosystems), and for CD45 and Ly-6G, the secondary Ab from the kit was replaced with ImmPRESS HRP anti-rat Ig (MP-7444-15, Vector Laboratories, Burlingame, CA, USA). Stained slides were dehydrated and coverslipped. Positive and negative controls (no primary Ab) were also used with each Ab to ensure the specificity of staining.
Statistical analyses
Three to 5 technical replicates were used for each data point. Data points are shown as means 6 SD, and the 2-tailed Student's t test was used to calculate P values and significance, unless otherwise noted.
RESULTS
Characterization of Stat3
fl/fl LysM-Cre +/+ mice Methods) differed from the strain used in the previous LysM-Cre/Stat3 mouse study [26] . Thus, to determine the effect of myeloid Stat3 deletion with regard to this specific strain, we examined the composition of lymphocytes and myeloid cells in the KO mice. Lack of Stat3 in the myeloid lineage did not affect the composition of major cell populations in the spleen. Specifically, the percentages of B cells, T cells, neutrophils, monocytes, red pulp macrophages, MMMFs, and MZMFs in the spleen were similar between WT and KO mice ( Table 1 ). In the bone marrow, Stat3 KO mice had more SSC hi granulocytes and CD11b + myeloid cells because of a significant expansion of CD11b + Ly6G + neutrophils within the granulocyte compartment ( Table 2 ). An increase of the CD11b + Ly6C hi monocytes was also observed ( Table 2 ). The expansion of neutrophils was accompanied by a mild decrease in B cell and T cell populations in the bone marrow. Neutrophilia has been reported by other groups using hematopoietic-specific or inducible Stat3 KO mice [28, 29] .
Our results suggest that myeloid-specific deletion of Stat3 was sufficient to cause the neutrophil expansion phenotype. The number of CD11b lo F4/80 + macrophages in the bone marrow did not differ between WT and Stat3 KO mice (Table 2 ). Similar to the previous study [26] , we did not observe a differentiation block of STAT3-null BMMs cultured in vitro (data not shown), suggesting that STAT3 is not crucial in normal macrophage differentiation. Taken together, our data agreed with previous studies and independently verified that myeloid Stat3 deletion leads to neutrophil expansion in the bone marrow but has minimal effects on splenic cells or BMM differentiation by using a different Stat3 fl/fl strain.
Stat3 KO BMMs show attenuated type I IFN response to HSV-1 infection HSV-1 is able to enter and infect BMMs and peritoneal macrophages, but few infectious viral particles are produced after virus entry, indicating that macrophages are nonpermissive to productive HSV-1 infection [4, 5] . To determine whether STAT3 has a role in the intrinsic resistance of macrophages to HSV-1, BMMs from WT or KO mice were infected with HSV-1 at an MOI of 3, and infectious viral particles in the supernatant were measured at 12 and 24 h after infection by plaque assay. Similar to WT BMMs, KO BMMs produced limited amounts of infectious viral particles, and the viral titer was reduced over time (Fig. 1A) , indicating that KO BMMs were capable of restricting HSV-1 replication. No statistical difference was observed between WT and KO macrophages in their susceptibility to HSV-1, as measured by infectious viral particles produced (Fig. 1A) . Thus, Stat3 deletion in the macrophages does not impair their intrinsic resistance to HSV-1.
To further investigate the response of BMMs to HSV-1, we examined the signaling events and host gene expression after HSV-1 infection. HSV-1 induced robust tyrosine phosphorylation and activation of STAT1 and STAT3 in WT BMMs, and STAT1 activation appeared to be normal in the absence of STAT3 (Fig. 1B) . p-IkBa was induced, and p-p65 was induced to a lesser extent, indicating activation of the NF-kB pathway by HSV-1 infection (Fig. 1B) . Importantly, p-IkBa levels were higher in KO BMMs, indicating enhanced NF-kB activity, whereas the induction of ISG15, an IFN-stimulated gene, was reduced in KO BMMs (Fig.  1B) . HSV-1 also induced the expression of several genes involved in signaling and immune regulation (Fig. 1C-M) . Of note, induction of SOCS3, a STAT3 inhibitor that is highly upregulated by active STAT3 [32] , was blunted in KO macrophages (Fig. 1C) , confirming the lack of STAT3 functionality in KO BMMs.
It has been reported that STAT3-null macrophages express higher levels of proinflammatory genes in response to LPS and bacterial infection [26, 30] . Similarly, we found that, during HSV-1 infection, KO BMMs expressed more TNF-a, iNOS, and IL-12b than did WT BMMs (Fig. 1D-F) but not other inflammatory cytokines, such as IL-1b and IL-6 ( Fig. 1G and H) . KO BMMs also expressed more CXCL2 (Fig. 1I) , a neutrophil chemoattractant responsible for neutrophil mobilization to the site of HSV-1 infection [33] . In contrast, induction of CCL2 a monocyte chemoattractant and a STAT3 target gene, was decreased in KO BMMs (Fig. 1J) . These data show that Stat3 KO BMMs induced greater expression of a subset of proinflammatory cytokines upon viral infection. We also examined the expression of type I IFNs and ISGs. Although expression of IFN-b was unaffected (Fig. 1K) , HSV-1-induced IFN-a expression was severely diminished in the absence of STAT3 (Fig. 1L) . Moreover, expression of 2 ISGs, ISG15 and USP18, was decreased in the KO BMMs (Fig. 1B and M) , indicating that, although STAT3 is dispensable for IFN-b expression, it is required for IFN-a expression and for optimal expression of ISGs in response to HSV-1 infection.
Taken together, our data show that in vitro HSV-1 infection activates STAT1 and STAT3 in BMMs. Loss of STAT3 did not impair STAT1 activation or the intrinsic ability of BMMs to limit HSV-1 replication. However, Stat3 KO BMMs had significantly lower expression of IFN-a and ISGs, suggesting that effective induction of IFN-a and ISGs in BMMs during HSV-1 infection is dependent on STAT3.
Myeloid Stat3 KO mice are more susceptible to HSV-1 infection Type I IFNs, including IFN-a and IFN-b, are critical in mounting an antiviral defense at the early stage of viral infection by inducing expression of ISGs [34] . The attenuated type I IFN response in Stat3 KO macrophages may have profound effects on the outcome of systemic HSV-1 infection. Thus, we investigated whether Stat3 KO mice were more susceptible to systemic HSV-1 infection. WT or KO mice were infected with 2 3 10 8 PFU of HSV-1 via tail-vein injection. Most mice succumbed to death within 2 d, but the WT mice survived longer ( Fig. 2A) . Viral loads, as determined by HSV-1 genome copy number relative to mouse b-actin copy number, showed a trend of increase in the brain, liver, and spleen of KO mice, but the difference was not statistically significant (Supplemental Fig. 2 ). These results suggest that STAT3 in myeloid cells has a protective role during lethal, systemic HSV-1 infections and prompted further investigation. Next, we challenged the mice with a lower dose of HSV-1. Mice were infected with 1 3 10 7 PFU of HSV-1 by tail-vein injection.
Both groups of mice displayed symptoms, including hunched posture, signs of hind limb weakness, and significant weight loss starting at 2 dpi. No statistical difference in survival was observed (Fig. 2B) . However, STAT3 KO mice experienced significantly worse weight loss during the course of infection (Fig. 2C) . To determine the effect of myeloid-specific STAT3 deletion on the innate immunity against HSV-1 at the early stage of infection, we examined the viral loads in the brain and spleen at 2 dpi. STAT3 KO mice had significantly higher viral loads in the brain at 2 dpi (Fig. 2D ). Viral loads were also marginally higher in the spleens of KO mice at 2 dpi (Fig. 2E ). These data show that Stat3 KO mice were more susceptible to HSV-1 infection, and the differences are discernible at earlier stages of infection.
Susceptibility of Stat3 KO mice is not caused by immunopathology in the brain
To investigate the mechanisms contributing to the higher viral loads in the brains of KO mice, we examined the expression of immunoregulatory genes in the brain. Factors including IFN-a, IFN-b, IFN-g, IL-12, TNF-a, and nitric oxide are known to be critical in inhibiting HSV-1 replication in various settings in vitro and in vivo [10-13, 35, 36] . Although IFN-g expression in the [23, 38, 39] . Given that LysM-Cre has been reported to result in partial deletion of the loxP-flanked gene in microglia [40] , it is possible that LysM-Cre causes Stat3 deletion in microglia, thereby altering their responses to HSV-1 infection and undermining their ability to restrict HSV-1 replication in the brain. However, we found that WT microglia expressed low levels of STAT3 and the expression was not noticeably reduced in the microglia of Stat3 KO animals (Fig. 3F) . Previous studies also suggested that immune cell infiltrates were the major cause of herpes simplex encephalitis immunopathology [23, 41] . In this setting, CCL2 and CXCL2 produced by microglia are the primary macrophage and neutrophil chemoattractants [38, 42] . To probe the possibility of immunopathology in Stat3 KO mice, we further examined the expression of CCL2 and CXCL2. We found that CCL2 and CXCL2 were not differentially expressed between WT and KO mice ( Fig. 3G and H) . Moreover, there was no evidence of CD45 + , hematopoietic-origin infiltrating cells or Ly6G + neutrophils in the brains of either WT or KO mice (Fig. 3F) . Taken together, our data show that the higher viral loads in the brain and the exaggerated symptoms in Stat3 KO mice are not due to immune cell infiltration or microglia defects in the brain. Rather, they are more likely caused by the failure of the immune system in Stat3 KO mice to restrain the replication and spread of HSV-1 to the central nervous system.
Stat3 KO mice express reduced levels of antiviral cytokines in the spleen
Next, we examined the immune responses in the spleens of infected mice. Infection (i.v.) of HSV-1 in mice is known to elicit robust immune responses in the spleen, and splenic MMMFs and MZMFs are the major producer of type I IFNs in that setting [14] . Myeloid Stat3 deletion did not affect the percentage of MMMFs and MZMFs in the spleen (Table 1) . However, similar to the findings with Stat3 KO BMMs (Fig. 1) , splenic expression of IFN-a and USP18 at 2 dpi was significantly lower in the KO mice, whereas expression of IFN-b and IFN-g was unaffected ( Fig. 4A-D) , indicating a partially defective type I IFN response. In contrast, splenic expression of iNOS was not affected by myeloid Stat3 deletion (Fig. 4E) , and splenic expression of TNF-a and IL-12b was less in KO mice (Fig. 4F and G) .
These data show that type I IFN response in the spleens of Stat3 KO mice is also impaired during systemic HSV-1 infection, whereas expression of type II IFN, namely IFN-g, is not dependent on STAT3. Because TNF-a signaling is important in promoting DC survival during differentiation and upon activation [43] and DC is a major producer of IL-12 in the spleen [44] [45] [46] , reduced expression of TNF-a and IL-12 in KO mice prompted us to investigate the possibility of defective DC functionality in Stat3 KO mice during HSV-1 infection.
Stat3 KO mice have decreased CD8
+ cDC frequency during HSV-1 infection STAT3 is critical for DC differentiation from hematopoietic stem cells [47] , and it has been reported that LysM-Cre can lead to partial deletion of target genes in a small fraction of splenic DCs [31] . Therefore, we asked whether LysM-Cre-mediated Stat3 deletion affected splenic DCs at steadystate and during HSV-1 infection. We found that myeloid Stat3 deletion did not affect the percentage of total splenic DCs or the CD11b + cDCs subset at a steady state. Additionally, KO mice were able to expand the total splenic DC and CD11b + cDC populations to a level comparable to that of WT mice in response to HSV-1 infection (Fig. 5A-C) . WT and KO mice also had similar numbers of CD8 + cDCs at steadystate. However, a mild reduction in CD8 + cDC population was observed in the KO mice during HSV-1 infection (Fig. 5D ). KO mice also had more steady-state pDCs, although similar levels of pDCs were observed in WT and KO mice during HSV-1 infection (Fig. 5E ). These data suggest that STAT3 may have a minor role in pDC differentiation at steadystate. Importantly, the reduction of CD8 + cDC population in Stat3 KO mice during HSV-1 infection demonstrated that STAT3 contributes to CD8 + cDC differentiation, proliferation, or survival in response to HSV-1 infection. 7 PFU of HSV-1. Each mouse was weighted immediately before infection and twice daily after infection. All measurements were normalized to the starting weight of each mouse and are expressed as percentages of the starting weight. Statistical analysis was performed by repeated-measure ANOVA using PRISM (GraphPad Software, La Jolla, CA, USA). (D-E) Mice of each genotype (n = 5 each) were infected as described in panel C and were sacrificed 2 dpi. HSV-1 viral loads in the brain or the spleen were determined by quantitative real-time PCR with 3 technical replicates for each mouse. Data are shown as HSV-1 copy number relative to mouse Actb expression. Statistical significance was determined by Student's t test. **P , 0.01.
Stat3 KO mice have impaired NK and T cell activation during HSV-1 infection
Splenic CD8
+ cDCs are specialized to cross-present viral Ags to CD8 T cells to elicit virus-specific CTL immunity [20, 48] . During HSV-1 infection, DCs also have a critical role in promoting NK cell and CTL activation [15] . Given that Stat3 KO mice failed to expand CD8
+ the cDC population during HSV-1 infection, we asked whether activation of NK and CD8 + T cells in Stat3 KO mice was affected. We found that mock-infected KO mice had less steady-state splenic NK cells (identified as CD3 2 NK1.1 + ), but HSV-1 infection increased the number of NK cells to a level comparable to that of WT mice (Fig. 6A and B) . NK cells in WT mice up-regulated the activation marker CD69 at 2 dpi (Fig. 6C) . However, NK cell activation was diminished in KO mice (Fig.  6C) . Activation of CD8 T cells was mostly unaffected by Stat3 deletion (Fig. 6D) , although the degree of activation was marginally lower in KO mice (Fig. 6E ). These data demonstrate that myeloid Stat3 deletion leads to impaired NK cell activation and minor defects in CD8 T cell activation, and both may contribute to HSV-1 susceptibility of Stat3 KO mice.
DISCUSSION
In this study, we investigated the role of STAT3 in myeloid cells during HSV-1 infection. In vivo, Stat3 KO mice were more susceptible to HSV-1, as marked by shortened survival, higher viral loads in the brain and the spleen, and significant weight loss (Fig. 2) . Myeloid Stat3 KO mice are predisposed to develop chronic colitis at later ages [26] , and that may complicate our interpretation of the significant weight loss in Stat3 KO mice. In agreement with previous Figure 3 . Susceptibility of Stat3 KO mice is not caused by immunopathology in the brain. WT or KO mice were i.v. injected with 1 3 10 7 PFU of HSV-1 as described in Fig. 3 . Mice of each genotype (n = 5 each) were sacrificed 2 dpi to collect brain tissue. (A-E) Relative expression of iNOS, TNF-a, IFN-a, IFN-b, and IL-12 in the brain was determined by quantitative real-time PCR with 3 technical replicates for each mouse. All values were normalized to Gusb expression and are shown as means with 95% confidence intervals. Statistical analysis was performed with the Student's t test. n.s., not significant. (F) Brain hemispheres from WT or KO mice sacrificed at 2 dpi were fixed and stained with STAT3, CD45, or Ly6G Abs, as described in Materials and Methods. Microglia showed low levels of CD45 staining. Representative figures from each genotype are shown. (G and H) Relative expression of CCL2 and CXCL2 in the brain was determined by quantitative real-time PCR, as mentioned above. studies, we found that KO mice usually do not manifest symptoms of colitis until 16 wk old or older. Using healthy mice that were around 10 wk old allowed us to avoid mice with preexisting conditions, although we cannot rule out the possibility of HSV-1 infection triggering the onset of colitis and impeding the weight gain and recovery from acute HSV-1 infection. However, the fact that Stat3 KO mice also had significantly higher viral loads argues that the weight loss was associated with an aggravated disease resulting from an impaired immune system that failed to restrain the virus from replicating and spreading.
Viral infections induce production of type I IFNs, namely, IFN-a and IFN-b. Type I IFNs promote the expression of ISGs to establish an antiviral state by activating the transcription factors STAT1 and IFN-stimulated gene factor 3 (ISGF3) which comprises STAT1 STAT2 and IFN regulatory factor 9 (IRF9) [34] . STAT3 negatively regulates type I IFN-induced ISGs by inhibiting STAT1 [49, 50] . Surprisingly, our data showed that STAT3 is required for optimal IFN-a and ISG expression in the BMMs during HSV-1 infection (Fig. 1B, L, and M) . Although it is possible that STAT3 directly regulates expression of ISGs positively during HSV-1 infection, it is more likely that reduced expression of ISGs is a result of diminished expression of IFN-a. Type I IFN production usually occurs in 2 phases. In the first phase, viral infection activates IRF3 to promote IFN-b expression. In the second phase, IFN-b induces expression of IRF7, which, in turn, promotes IFN-a expression and sustains IFN-b expression [34] . We speculate that STAT3 primarily affects the second phase of IFN production, such as the activation of IRF7 because the production of IFN-b was normal in Stat3 KO BMMs (Fig. 1K) . Additionally, HSV-1-induced production of type I IFNs was mediated by several different cellular sensing mechanisms [45, [51] [52] [53] . It is also possible that those sensing mechanisms are impaired in the absence of STAT3 resulting in diminished IFN-a production. Apart from the impaired type I IFN response, Stat3 KO BMMs also highly expressed a subset of proinflammatory genes upon HSV-1 infection (Fig. 1D-F) . Stat3 KO BMMs prolongs and heightens inflammatory responses because of defective IL-10 signaling [26] . Elevated expression of proinflammatory genes in KO BMMs is presumably driven by hyperactivation of NF-kB. It has been shown that STAT3 keeps the activity of NF-kB in check by inhibiting the expression of a positive regulator of NF-kB [54] and by promoting the expression of a microRNA that suppresses NF-kB [55] . Our data corroborate previous studies by showing that the phosphorylation of IkBa and the expression of the classic NF-kB target gene TNF-a are significantly increased in Stat3 KO BMMs (Fig. 1B and D) , suggesting increased NF-kB activity.
During systemic infection of HSV-1, Stat3 KO mice expressed less IFN-a, IL-12, and TNF-a in the spleen (Fig. 4A, F, and G) . The antiviral effects of IFN-a are well established [36] . TNF-a also inhibits HSV-1 replication in vitro [9] . In vivo, TNF-a protects mice from lethal herpes encephalitis [12] , and IL-12 promotes the protective Th1 response against herpesvirus [11] . Therefore, dampened expression of IFN-a, IL-12, and TNF-a in Figure 4 . Stat3 KO mice express reduced levels of antiviral cytokines in the spleen. WT or KO mice were infected as described in the caption to Fig. 3 . Mice of each genotype (n = 5) were sacrificed 2 dpi to collect spleen tissue. (A-H) Expression of IFN-a, USP18, IFN-b, IFN-g, iNOS, TNF-a, and IL-12 in the spleen was determined by quantitative real-time PCR with 3 technical replicates for each mouse. All values were normalized to Gusb expression and are shown as means with 95% confidence intervals. Statistical analysis was performed with a t test. **P , 0.01, *P , 0.05, n.s., not significant. the spleen may collectively contribute to the susceptibility of Stat3 KO mice. The source of these cytokines, however, remains to be determined. MMMF and MZMF are the major sources of IFN-a in the spleen during HSV-1 infection [14] , but pDC, cDC, and other cell types are capable of producing ample amount of IFN-a when exposed to HSV-1 [45, 51] . Reduced expression of IL-12 in KO mice may be due to a reduced CD8 + cDC population during HSV-1 infection, because CD8 + cDCs are efficient IL-12 producers [44] .
The role of neutrophils in viral infections ranges from protective to immunopathologic [56] . Early studies using Gr-1 Abs for neutrophil depletion suggested that infiltrating neutrophils suppressed HSV-1 replication in cornea [21] . However, Gr-1 is expressed by other groups of immune cells, and it was later revealed that nonneutrophil Gr-1 + cells were primarily responsible for HSV-1 inhibition [57] . Moreover, infiltrating neutrophils are a major mediator of HSV-1-induced immunopathology in the brain and the cornea [22, 23] , and CXCL2 promotes neutrophil chemotaxis to the site of infection during HSV-1 infection [58] . Given that myeloid Stat3 KO mice have a significant greater neutrophil population, we originally speculated there was increased neutrophil infiltration in the brain, thereby leading to aggravated symptoms. Nonetheless, both WT and Stat3 KO mice were devoid of Ly6G + neutrophil or CD45 + hematopoietic cell infiltrates in the brain (Fig. 3F) , and CXCL2 expression level was indistinguishable between WT and KO mice (Fig. 3H) , indicating that neutrophil-mediated immunopathology is not implicated in the susceptibility of Stat3 KO mice to HSV-1. The role of neutrophils in the spleen and the blood during systemic HSV-1 infection will require further investigation. The effect of myeloid Stat3 KO on DC differentiation (Fig. 5 ) is minimal compared with hematopoietic Stat3 deletion, which results in a drastic reduction in the DC population [47] . Most splenic DCs are from CMPs [59, 60] . Given that LysM-Cre is only moderately expressed in CMPs [61] , the minor effects of myeloid Stat3 deletion on DC differentiation can be explained by incomplete deletion of Stat3 in CMPs. The reason for the increased steady-state pDC population in our model is unclear. In fact, CD11c-Cre-mediated Stat3 KO causes a reduction in the pDC population [62] . The immediate DC progenitors express high levels of STAT3 but are CD11c 2 , and they up-regulate CD11c just before differentiating into distinct DC subsets [63] . Thus, CD11c-Cre-mediated Stat3 deletion would occur during the final stage of DC differentiation. To understand how STAT3 affects pDC differentiation, it will be of interest to compare how LysM-Cre and CD11c-Cre affect STAT3 expression in these immediate DC progenitors and the consequences of such perturbations. On the other hand, myeloid Stat3 KO mice have a reduction in their CD8 + cDC population during HSV-1 infection. It is possible that STAT3 facilitates the differentiation or proliferation of CD8 + cDC in response to acute HSV-1 infection. However, given that myeloid Stat3 KO does not affect the differentiation of steady-state CD8 + cDCs, we speculate that STAT3 regulates the survival of CD8
+ cDCs during HSV-1 infection. Activated DCs are known to undergo apoptosis unless protected by TNF-a [43] , and HSV-1 also induces apoptosis in infected DCs [64] . The reduction of splenic CD8 + cDCs in STAT3 KO mice during HSV-1 infection is likely a result of reduced splenic TNF-a and enhanced apoptosis. DCs have a critical role in controlling HSV-1 pathogenesis by mediating NK and T cell activation, and mice with depleted DCs have higher mortality and higher viral loads in their nervous systems [15] . CD8 + cDCs are unique in their ability to crosspresent viral Ags to CD8 T cells and to promote CTL response against HSV-1 infection [20, 48] . We found that activation of NK cells was dampened in Stat3 KO mice (Fig. 6C) . Impaired activation of NK cells may be due to the combinatory effect of reduced CD8 + cDCs and diminished IL-12 and IFN-a expression because IL-12 secreted by CD8 + cDCs and IFN-a both mediate NK cell activation during viral infection [18, 65] . Because we did not observe a difference in NK cytotoxicity in vitro (data not shown), it will be interesting to determine whether NK cells from Stat3 KO mice are deficient in other aspects, such as cytokine production. We also noticed a minor decrease in CD8 T cell activation altitude at 2 dpi (Fig. 6E) . Whether that observation translates to compromised adaptive immunity to HSV-1 at the later stage of infection awaits further investigation. Interestingly, Stat3 KO mice also showed moderate reductions in their steadystate NK cell population (Fig. 6B) . It is unclear why myeloid Stat3 deletion leads to reduction in NK cells because NK cells are generally believed to arise from the lymphoid lineage [66] . However, myeloid precursors are capable of differentiating into NK cells [67, 68] , which raises a possible role for myeloid STAT3 in NK cell development.
In conclusion, our data showed that myeloid-specific Stat3 deletion causes defects in multiple aspects of the innate immune system in response to HSV-1. Although individual defects may not change the outcome of infection, collectively, they result in higher susceptibility of Stat3 KO mice to HSV-1. Future studies will focus on the mechanisms of each defect, such as the mechanism by which STAT3 modulates IFN-a production. The impact of impaired innate immunity on adaptive immunitymediated control of HSV-1 infection and reactivation is another interesting area for investigation.
